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Abstract
Both chromatic and luminance-modulated stimuli are served by multiple spatial-frequency-tuned channels. This experiment
investigated the independence versus interdependence of spatial frequency channels that serve the detection of red–green
chromatic versus yellow–black luminance-modulated stimuli at low spatial frequencies. Contrast thresholds for both chromatic
and luminance-modulated gratings were measured within 12 individual subjects using a repeated-measures design. Spatial
frequencies ranged from 0.27 to 2.16 c:deg. A covariance structure analysis of individual differences was applied to the data. We
computed statistical sources of individual variability, used them to define co6ariance channels, and determined the number and
frequency tuning of these channels. For luminance-modulated gratings, two covariance channels were found, including one above
and one below 1 c:deg [cf. Peterzell, & Teller (1996). Individual differences in contrast sensitivity functions: the coarsest spatial
pattern analyzer. Vision Research, 36, 3077–3085]. For chromatic gratings, correlations between thresholds for most spatial
frequencies were uniformly high, yielding a single covariance channel covering all but the highest spatial frequency tested. A
combined analysis of both data sets recovered the same three covariance channels, and showed that detection thresholds for
low-frequency red–green chromatic and luminance-modulated stimuli are served by separate, statistically independent processes.
© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction
In human vision, images are processed by a set of
spatial channels each tuned for frequency and orienta-
tion (for reviews, see De Valois & De Valois, 1988;
Graham, 1989). Evidence for these channels comes
from a variety of psychophysical paradigms including
masking, adaptation, and summation at threshold
(Graham, 1989). These channels are widely held to be
linked to cortical processes (De Valois & De Valois,
1988).
Most investigations into spatial channels have em-
ployed luminance-modulated stimuli (e.g. black and
white sinewave gratings). Other research, however, has
examined the possibility that several spatial channels
also exist for chromatic processing. Adaptation to, or
masking by, isoluminant red–green gratings causes spa-
tial-frequency-specific threshold elevations in red–green
chromatic contrast thresholds, resembling those ob-
tained from adaptation and masking in luminance con-
trast sensitivity functions (CSFs) (Bradley, Switkes &
De Valois, 1988; Switkes, Bradley & De Valois, 1988;
Pandley & Vimal, 1993; Losada & Mullen, 1994, 1995;
Mullen & Losada, 1999). Similar results have been
found for tritan stimuli (Humanski & Wilson, 1992,
1993) and for contrast discrimination tasks (Webster,
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De Valois & Switkes, 1990). These results suggest that
red–green and tritan chromatic pathways, like the lu-
minance pathway, contain multiple spatial channels.
However, in contrast to the case of luminance channels,
there appear to be no published estimates of the num-
ber and nature of chromatic spatial channels (but see
Pandley & Vimal, 1993).
Given the existence of multiple spatial channels for
detecting both luminance-modulated and chromatic
stimuli, their relative independence or interdependence
remains to be established. There are several possibilities
including the following.
1.1. Independence
Chromatic and luminance spatial channels may be
separate pathways. This option is plausible if the visual
system creates separate chromatic and luminance sig-
nals for spatial channels (Billock, 1991; De Valois & De
Valois, 1993; Kingdom & Mullen, 1995), i.e. in the
manner proposed at postreceptoral, pre-cortical stages
(Ingling & Tsou, 1977; Krauskopf, Williams & Heeley,
1982).
1.2. Interdependence with similar tuning
Spatial channels inferred using chromatic and lumi-
nance stimuli may be one and the same. A single set of
spatial channels could subserve both if the signals for
color and luminance stimuli are combined (or if the
signals are never separated). This option is plausible if
channels are linked to cortical cells that show spatial
frequency tuning but respond to both luminance-modu-
lated and isoluminant stimuli in the same spatial fre-
quency range (Thorell, De Valois & Albrecht, 1984).
1.3. Interdependence with dissimilar tuning
A specific spatial channel may be tuned differently
for chromatic than for luminance stimuli. This option is
plausible if channels are linked to cortical cells that
show spatial frequency tuning but respond to a lower
spatial frequency range for chromatic than for lumi-
nance-modulated stimuli (Thorell et al., 1984).
1.4. Partial interdependence
Chromatic and luminance spatial channels may have
some sensitivity to stimuli of the opposite type, or may
interact via options such as inhibition or facilitation.
Cross-adaptation, cross-masking and cross-summa-
tion at threshold paradigms have been used to address
these hypotheses (Switkes et al., 1988; Gegenfurtner &
Kiper, 1992; Gur & Akri, 1992; Palmer, Mobley &
Teller, 1993; Mullen & Losada, 1994; Giuliani, Lee &
Eskew, 1996; Mullen, Cropper & Losada, 1997;
Stromeyer, Thabet, Chaparro & Kronauer, 1999).
These paradigms measure the effects of isoluminant
gratings on sensitivity to luminance-modulated gratings
and vice versa. Most studies support full or partial
interdependence, but the effects are variable and the
nature of the interaction is not fully understood. Chro-
matic thresholds appear to be only weakly affected by
luminance contrast, but luminance thresholds are
strongly affected by chromatic contrast (Switkes et al.,
1988). High-contrast masks have strong cross-effects,
perhaps due to divisive interactions between the two
channel types. It has been argued, however, that the
cross-facilitation found at low mask contrasts is due to
an artifact of masking (the use of local cues) rather
than to any cross-channel sensitivity per se (Mullen &
Losada, 1994).
Studies using suprathreshold stimuli and studies of
higher order tasks (e.g. color appearance, stereo, mo-
tion or form perception) have also addressed issues
surrounding color-luminance interactions (for review,
see Mullen et al., 1997). These studies typically provide
evidence for interactions. However, the results of these
studies are not typically interpreted in terms of interac-
tions among spatial channels. Rather, separable color
and luminance postreceptoral mechanisms are believed
to exist at an early cortical stage, with outputs subse-
quently combined to determine suprathreshold color
appearance, hue discrimination, etc. (see also Billock,
1991; De Valois & De Valois, 1993; Kingdom & Mul-
len, 1995)
Although masking, adaptation and summation at
threshold paradigms have been invaluable to develop-
ing an understanding of the channels underlying CSFs,
Tyler and colleagues have voiced concerns about the
validity of the techniques in estimating the quantitative
characteristics of spatial channels (Tyler, Barghout &
Kontsevich, 1993, 1994; Barghout-Stein & Tyler, 1994,
1995; Peterzell & Norcia, 1997; Barghout-Stein, Tyler &
Klein, 1998). The essence of the argument is that the
assumption that threshold elevation functions resemble
the shapes of underlying channels may be incorrect
(although many researchers explicitly do not adhere to
this assumption; Mullen & Losada, 1999). Rather,
threshold elevation functions may well be controlled by
multiple adjacent channels and therefore give little in-
formation about the tuning of any single channel.
Another assumption — that if maximal threshold ele-
vation occurs at the frequency of the masking stimulus
(i.e. ‘on-peak masking’), then the threshold elevation
function must reflect channels tuned along a continuum
of spatial frequencies — also appears to be incorrect.
Rather, Tyler et al. have shown that a model based on
discrete channels can lead to on-peak masking or adap-
tation (see also Pelli, 1980; Mullen & Losada, 1999).
Consequently, previous estimates of the number, nature
(discrete versus continuous) and tuning of channels,
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and the nature of the interactions between luminance
and chromatic channels, may need further
investigation.
1.5. Indi6idual differences and co6ariance channels
A different approach to measuring channels that
may avoid the aforementioned methodological and
theoretical limitations is based on analyzing individ-
ual differences. The primary technique is the stat-
istical analysis of covariance structure. The methods
for estimating spatiotemporal sensory channels
from covariance structure have been described else-
where (Sekuler, Wilson & Owsley, 1984; Peterzell,
Werner & Kaplan, 1993, 1995; Peterzell & Teller,
1996). A brief nontechnical introduction to the rel-
evant theory and techniques may be found in Peterzell
and Teller (1996). The approach relies on simple
detection data to assess the unmasked visual system,
requiring little by way of complex assumptions or theo-
retical structure to estimate the number and tuning of
channels. Importantly, the individual differences
paradigm is not affected by local cues from masking
and so could prove especially useful in measuring the
relationships between chromatic and luminance chan-
nels.
The study of normal individual differences in vision
has shown important theoretical potential. In a series of
classic studies, it was used to examine the genetics of
color vision, and provided powerful evidence for four
elemental processes in color vision, linked to Hering’s
four elemental hue sensations (Burt, 1940; Pickford,
1951). More recently, it has been used to identify
factors underlying color matches in adults (e.g. lens and
macular pigment density; rod intrusion), quantified rel-
ative contributions to color matching, and estimated
cone absorption spectra (MacLeod & Webster, 1988;
Webster & MacLeod, 1988). It has also provided esti-
mates of the spatiotemporal channels underlying the
detection of luminance contrast, and of the tuning of
spatial and temporal frequency channels in adults and
infants (Sekuler et al., 1984; Peterzell, Werner &
Kaplan, 1991; Strasburger, Murray & Remky, 1993;
Peterzell et al., 1993, 1995; Mayer, Dougherty & Hu,
1995; Billock & Harding, 1996; Peterzell, Kelly, Chang,
Gordon, Omaljev & Teller, 1996; Peterzell & Kelly,
1996; Peterzell & Teller, 1996; Peterzell, Dougherty &
Mayer, 1997; Peterzell & Kelly, 1997; Gunther, Pe-
terzell & Dobkins, 1997, 1998; Dobkins, Gunther &
Peterzell, 2000).
The visual channels derived using individual differ-
ences have, until now, generally appeared to be similar
to those obtained using other methods. However, we
cannot yet be certain they are the same, especially with
respect to the less well-understood chromatic spatial
channels. Hence, we shall use the term covariance
channels to describe the spatial channels estimated from
covariance structure.
1.6. Goals
The present experiment extends the use of individual
differences and covariance to the analysis of chromatic
spatial channels in human adults. One goal is to mea-
sure the spatial covariance channels underlying the low
spatial-frequency portion of the chromatic CSF for
stationary, isoluminant red–green sinewave gratings. A
second goal is to quantify the relationships of these
chromatic channels to the channels underlying CSFs
for luminance-modulated stimuli. To meet these goals,
detailed measurements of the low frequency portions of
CSFs for red–green and yellow–black gratings were
made in 12 subjects. Then, the variability in the data
was analyzed by performing a covariance structure
analysis. From this analysis, statistical sources of indi-
vidual variability were computed, and used to define
the number and frequency tuning of covariance chan-
nels in the chromatic and luminance domains.
A second paper accompanies this one, in which we
examine the development of spatial covariance channels
for red–green and luminance-modulated stimuli during
infancy (Peterzell, Chang & Teller, 2000).
2. Experimental methods
2.1. Human subjects
Twelve adults participated, including the first author.
Each had normal or refracted-to-normal vision, and
had normal color vision as established by anoma-
loscopy. Ages were between 20 and 36 years. The
experiment was undertaken with the understanding and
written consent of each subject.
2.2. Apparatus
The apparatus has been described previously
(Dobkins & Teller, 1996a,b; Dobkins, Lia & Teller,
1997; Peterzell & Teller, 1996). All calibrations for the
present study were identical to those used by Dobkins
and Teller (1996b). Briefly, two 19 in. high-resolution
RGB (Barco CDCT 6451) monitors (screens ‘A’ and
‘B’), controlled by a Macintosh II computer, were
combined with a beam splitter. Grating stimuli ap-
peared on screen A, while screen B contained a uniform
yellow auxiliary field. Combining the two screens al-
lowed presentation of very low contrast gratings while
minimizing quantization problems. The space-average
luminance of the combined display was 17 cd:m2 and
the combined CIE chromaticity coordinates (x, y) were
0.508, 0.422.
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2.3. Stimuli
Test stimuli consisted of horizontally-oriented red–
green chromatic gratings and luminance-modulated yel-
low–black gratings of low spatial frequencies. The
gratings varied from 0.27 to 2.16 c:deg (seven frequencies,
equally spaced on a log frequency scale). Only low spatial
frequencies were used to minimize problems caused by
chromatic aberration (Flitcroft, 1989; Logothetis,
Schiller, Charles & Hurlbert, 1990; Cavanagh & Anstis,
1991). For each chromatic grating, the red–green balance
was set to each of a series of four values systematically
spanning Judd’s (1951) modified Vl, as described below.
Hence there were 35 stimulus types (yellow–black grat-
ings of seven spatial frequencies; red–green gratings of
seven spatial frequencies times four red:green balance
conditions).
Each grating stimulus covered the entire left or right
half of the screen. At a viewing distance of 38 cm, the
display subtended 5340°, large enough to present 12
vertical cycles at the lowest spatial frequency (0.27 c:deg).
Thus, each stimulus covered at least the ten period
functional summation area reported by Howell and Hess
(1978).
2.3.1. Chromatic (red–green) gratings
These consisted of red and green luminance-modulated
gratings 180° out of phase, with a small amount of blue
primary added in phase with the red portion of the grating
so as to silence short-wavelength sensitive (S) cones (see
Dobkins & Teller, 1996b).
In red–green gratings the photometric balance between
red and green varies slightly among subjects (Anstis &
Cavanagh, 1983, 1991; Cavanagh, Anstis & MacLeod,
1987). In order to approximate each subject’s individual
photometric match, as stated above, the red–green
balance was varied among four color directions that
spanned Vl isoluminance. The four color directions
included one direction set to CIE Vl isoluminance (Judd’s
(1951) modified Vl), one direction set such that the
luminance of the red bars was greater in luminance than
the green bars (luminance contrast at full modulation
2% Michelson contrast), and two directions set such that
the luminance of the green bars was greater in luminance
than the red bars (luminance contrast at full modula-
tion2% and 4% Michelson contrast, respectively). ‘Full
modulation’ is described below; Michelson contrast was
considerably lower at threshold values. These four color
directions spanned the range of individual isoluminance
settings obtained in other studies using the same appara-
tus in conjunction with a motion photometry procedure
(Dobkins & Teller, 1996a,b; Dobkins et al., 1997).
Moreover, four pilot subjects made minimally distinct
border (MDB) settings for each stationary chromatic
grating; their MDB settings (cf. Lindsey & Teller, 1989)
also fell within the four values selected.
Chromatic contrast in the red–green grating was
specified in two different ways (see Dobkins & Teller,
1996a,b; Dobkins et al., 1997). Instrument contrast de-
scribes the fraction of the potential chromatic modulation
between red and green phases of the grating. The point at
which the red and green primaries are modulated by 100%
of the available gamut is defined as 100% instrument
contrast. Cone contrast describes the amplitude of re-
sponse modulation in cone photoreceptors produced by
the red versus green phases of the stimulus, and is
calculated using the chromaticity coordinates of the
monitor’s red and green primaries. The utility of convert-
ing to a cone contrast metric is that it standardizes across
apparati and laboratories, and allows for the expression
of chromatic contrast and luminance contrast in com-
parable units (e.g. Mullen, 1985; Lennie & D’Zmura,
1988; Chaparro, Stromeyer, Huang, Kronauer &
Eskew, 1993; Derrington & Henning, 1993). Cone modu-
lations were computed using the CIE coordinates of the
primaries and the conversion functions provided by
Boynton (1986), which are based on the cone
action spectra provided in DeMarco, Pokorny and Smith
(1992).
On Screen A, full modulation between the red and
green primaries produced modulations of 14 and 34% in
the L and M cones, respectively. Thus, the root mean
square (r.m.s.sqrt [(M2L2):2]) of the independent
modulations of the L and M cones was 26%. The auxiliary
field (Screen B) reduced the maximum r.m.s. cone
contrast to 2.4%.
2.3.2. Luminance-modulated (yellow–black) gratings
These consisted of superimposed red and green
luminance-modulated gratings with the same
spatial phase. As with the chromatic gratings, a small
amount of blue primary was added in phase with the red
and green primaries. These gratings maintained the
isoluminant balance [Vl ] between red and green fields. At
all points in such a pattern, the spectral composition is
uniform, but luminance varies sinusoidally across the
screen.
Luminance contrast in the gratings was expressed
in terms of the r.m.s. cone contrast elicited for the
L and M cones. For the luminance-modulated stimuli,
r.m.s. cone contrast values directly correspond to the
conventional Michelson contrast [(LmaxLmin):(Lmax
Lmin)], and cone contrasts up to 100% are readily
produced.
2.3.3. Stimulus contrasts
Each of the 35 grating types appeared at five contrast
levels. The five levels included the mean threshold (log
contrast) based on group-averaged pilot data along with
log contrasts of90.25 and90.5 log units from the mean
(following Peterzell et al., 1991, 1993, 1995; Peterzell &
Teller, 1996).
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2.4. Procedure
Subjects sat 38 cm from the screens in an otherwise
dark room, using a chin- and forehead-rest. No optical
compensation was made for longitudinal chromatic aber-
rations of the eye, for two reasons. First, such aberrations
are likely to have little effect on detection below 2 c:deg
(Cavanagh & Anstis, 1991). Secondly, we strove to make
conditions comparable to those obtained from infants in
our companion study (Peterzell et al., 2000).
A two-alternative spatial forced-choice procedure was
used in conjunction with the method of constant stimuli.
At the beginning of each trial, a large black fixation cross
appeared in the center of the display. The observer
fixated the cross, and pressed a button to start each trial.
First, a tone sounded and the fixation cross disappeared,
followed by a display interval during which the stimulus
was ramped on over a period of 0.5 s. The stimulus
appeared randomly on the left or right half of the screen
and remained present until the observer responded by
pressing one of two buttons (thus signaling that the
stimulus appeared on the left or right). A tone signaled
the end of the trial. Immediate feedback (a tone) was
provided for correct responses.
Ten to twelve hours of testing were required to obtain
a complete data set for each subject. Testing was divided
into a series of blocks. Each block contained one of the
five grating types (yellow–black, or one of the four
red–green types). All seven spatial frequencies appeared
within a single block, at each of the five different
contrasts. Patterns appeared in random order. The
resulting psychometric functions for each grating type
were based on at least 100 trials per function.
Weibull equations were fit to the psychometric func-
tions, using a maximum-likelihood method (Quick, 1974;
Harvey, 1986). This approach is identical to that previ-
ously described (Dobkins & Teller, 1996a,b; Peterzell &
Teller, 1996; Dobkins et al., 1997). Threshold was defined
as the contrast that yielded 75% correct performance.
Contrast sensitivity was taken as the inverse of contrast
threshold.
3. Results and analysis
3.1. Mean CSFs
Fig. 1 shows mean log r.m.s. cone contrast sensitivity
as a function of spatial frequency for both chromatically-
modulated (red–green) and luminance-modulated (yel-
low–black) gratings. The data points for red–green
patterns are means based on the four estimates (the mean
log thresholds obtained for the four red–green color
directions). The reasons for averaging these four points
are described below. Bars indicate 91 standard error of
the mean for the 12 subjects.
As is the case for most CSFs for isoluminant chromatic
stimuli (Mullen, 1985), the red–green function exhibits
a lowpass shape. Like most CSFs for luminance-modu-
lated stimuli, the yellow–black function has a band-pass
shape. Moreover, the sensitivity values are what one
might expect based on other CSFs collected under
similar conditions on the same apparatus (Dobkins &
Teller, 1996a,b; Peterzell & Teller, 1996; Dobkins et al.,
1997).
Although the CSFs in Fig. 1 resemble previous data
in these respects, they deviate from some published data
in another way. In Fig. 1, peak cone contrast sensitivities
for the red–green and luminance-modulated gratings are
reported to be very similar at around 2.2–2.4 log units.
While this level of sensitivity is typical for luminance-
modulated gratings under a variety of conditions, it is
also typical for the peak red–green cone contrast sensi-
tivity to be higher than that obtained for luminance-mod-
ulated gratings. This advantage in cone contrast
sensitivity of the red–green mechanism is responsible for
the elongated shape of the threshold contours in the L,
M cone contrast plane which has been reported by
numerous authors (e.g. Cole, Hine & McIlhagga, 1993;
Chaparro et al., 1993; Sankeralli & Mullen, 1997). By
contrast, the contours obtained from the data in the
present study, if graphed, would be nearly circular,
something that is normally only found for very high
temporal frequencies when the red–green mechanism has
been selectively desensitized. The discrepancy in
results between this study and others is probably
due in part to our somewhat unusual use of at
least 12 cycles per grating. Although the number of
cycles used does not typically have a large effect on
chromatic contrast sensitivity, it does have a pro-
nounced effect on sensitivity to luminance-modu-
lated gratings. When more than eight luminance-
modulated cycles are used, the low frequency rolloff is
small compared to typical data, and the peak of the CSF
occurs at a very low spatial frequency (but at a higher
sensitivity level) (McCann, Savoy & Hall, 1978). Thus,
Fig. 1. Mean log root mean square (r.m.s.) cone contrast sensitivity
plotted as a function of spatial frequency for red–green and yellow–
black gratings. Bars denote 1 SE. Data are from 12 subjects.
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by presenting many cycles per grating, even at low
spatial frequencies, we apparently have caused our CSF
for luminance-modulated gratings to more closely re-
semble the chromatic CSF than is typical in many
studies. Nevertheless, it remains an unresolved issue
why the reported sensitivity for red–green gratings
from the present study and our laboratory (Dobkins &
Teller, 1996a,b; Dobkins et al., 1997) is approximately
half a log unit lower than that reported by others (e.g.
Burr & Morrone, 1993; Fiorentini et al., 1996; Sanker-
alli & Mullen, 1997).
3.2. Analyses of indi6idual differences (co6ariance
analyses)
3.2.1. Preliminary analysis: correlations among
red–green and yellow–black stimuli
As a first step in our analysis, we wanted to deter-
mine — generally — whether our red–green stimuli
stimulated different visual processes (i.e. statistical co-
variance sources) than our yellow–black stimuli. More-
over, we wanted to know if red–green gratings set to
Vl isoluminance stimulated different visual processes
than those with red–green balances that differed
slightly from Vl isoluminance. These issues are of spe-
cial importance, given the known individual differences
in the red–green balance required for isoluminance.
Thus, it is important to know if it is appropriate to use
a single isoluminance value for all subjects. In the worst
case, using a single red–green balance for all subjects
would cause our measures of ‘isoluminant’ contrast
sensitivity to be significantly contaminated by lumi-
nance-sensitive channels, resulting in a failure to isolate
chromatic channels. In this instance, it would be
essential to use a different red–green balance for
each individual and at each spatial frequency
because an individual whose detection sensitivity
is high relative to the group mean for one color balance
would not remain high relative to the group mean for
at least some of the three remaining color directions
near isoluminance. Significant differences in correla-
tions would indicate that covariance channels that de-
tect stimuli at isoluminance are different than those
channels that operate near isoluminance. However, if
individual differences remain stable across the
four conditions, then this would indicate that similar
covariance channels detect gratings at and near isolumi-
nance; in that case there wouldn’t be an overwhelming
need to use exact isoluminance values for each individ-
ual.
Correlations across the five color-balance conditions
are shown in Table 1. In this preliminary analysis, each
individual’s datum for each color-balance was com-
puted by first estimating the log thresholds for each of
the seven spatial frequencies using Weibull functions,
and then averaging these seven thresholds. The data for
Table 1
Correlations (r) among color direction variables (log contrast sensi-
tivities for 12 adults)a
RedBgreen Redgreen Red\greenRedBgreenColor
4% 0%direction 2%2%
RedBgreen 0.85
2%
0.810.82Redgreen
0% (Vl)
0.82Red\green 0.84 0.85
2%
0.14 0.240.23Yellow–black 0.29
a Bold text: data for all red–green gratings are highly intercorre-
lated. Italicized text: data for yellow–black gratings do not intercorre-
late significantly with data for red–green gratings. Data were
combined across seven spatial frequencies (see text).
the four red–green color directions are highly and
positively intercorrelated; the individual differences ob-
tained at CIE isoluminance are nearly identical to those
obtained at nearby color directions. However, the data
for the yellow–black gratings do not correlate with the
data from any of the red–green conditions. In other
words, the four sets of stimuli at and near red–green
isoluminance share a strong common source of variabil-
ity (or covariance channel), but this source is different
than the source underlying sensitivity to yellow–black
gratings.
Because the four red–green stimuli were so
clearly intercorrelated (and hence redundant), we com-
bined these four measures for the analyses that follow.
That is, for each spatial frequency, the log thres-
holds for the four red–green color directions were
estimated separately using Weibull functions, and then
averaged.
3.2.2. Primary correlation matrices
As a first step in our major covariance analysis (of
systematic variability in the CSF data), we calculated
correlations across the N12 subjects for each spatial
frequency against each other spatial frequency. The
correlation matrix was computed from the log contrast
sensitivities, and is shown in Table 2. The upper, middle
and lower panels of Table 2 show the correlation
matrix obtained for the red–green gratings, the yellow–
black gratings, and the red–green versus the yellow–
black gratings, respectively.
These correlation matrices are necessary for the fac-
tor analyses that follow. However, important general
tendencies are evident in the matrices. At the same
time, it is worth noting here that we are pointing to
general trends in the correlations, and that the matrices
are a bit noisy, perhaps due to measurement error. In
order to investigate completely the statistical trends
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evident in the correlation matricies, and to derive co-
variance channels, we will ultimately turn to factor
analytic statistics for a more precise representation of
the covariance structure within the data.
The top panel of Table 2 clearly indicates that for
chromatic gratings, correlations between thresholds for
all spatial frequencies were positive and relatively high
(i.e. Pearson’s r [1, 10]\0.5, PB0.1). In other words, if
an individual had high contrast sensitivity to a red–
green grating at one spatial frequency, then that indi-
vidual tended strongly to have high contrast sensitivity
to red–green gratings at all spatial frequencies tested. It
appears that the six lowest spatial frequencies tested
(0.27–1.53 c:deg) correlate a little more strongly with
each other than with the highest spatial frequency
tested (2.16 c:deg). These results suggest that a single
covariance channel detects all spatial frequencies tested,
and that a second factor (or process) may contribute to
detecting the highest spatial frequency tested.
The middle panel of Table 2 presents correlations for
yellow–black gratings. The pattern of correlations is
not easily interpreted, but it does not resemble the
uniformly high, positive pattern found for red–green
gratings. As such, the data for yellow–black data are
not explainable using only one statistical source of
variability.
The lower panel of Table 2 indicates that the data for
red–green gratings do not generally intercorrelate sig-
nificantly with the data for yellow–black gratings (with
some exceptions; again, there is no simple pattern of
correlations). In other words, the data for red–green
and yellow–black gratings appear to be statistically
independent in the majority of cases.
3.2.3. Factor analyses
Statistical factor analyses, which derive variability
sources (or factors) from the data, were performed,
observing the procedures used in previous analyses
(Peterzell et al., 1991, 1993, 1995, 1997; Peterzell &
Teller, 1996; Peterzell & Kelly, 1997). Specifically, three
principal component analyses (PCAs) were performed
on the data: an analysis of the data for red–green
stimuli; an analysis of the data for yellow–black stim-
uli; and an analysis of the entire data set.
Screen tests, x2 statistics, and visual inspection were
used to determine the number of statistically-significant
factors underlying each data set; all significant factors
had eigenvalues greater than 1. These statistically sig-
nificant principal components were then rotated to
simple structure using the Varimax criterion (Gorsuch,
1983). The resulting factor loadings were used in the
ensuing analyses.
Because these factor-analytic statistics provided esti-
mates of how many significant factors each data set
contained, they were used to estimate the minimum
number of spatial channels required to model the CSFs.
Table 2
Correlations (r) among spatial frequency variables (log contrast sensitivities for 12 adults)a
Spatial frequency 1.53c:deg 0.27 0.38 0.54 0.76 1.08 2.16
Red–green gratings
Red–green gratings 0.820.38
0.54 0.84 0.77
0.76 0.91 0.73 0.92
0.91 0.75 0.861.08 0.89
1.53 0.75 0.82 0.85 0.74 0.81
0.640.610.610.720.702.16 0.76
Yellow–black gratings
0.38 0.76Yellow–black gratings
0.54 0.70 0.58
0.250.360.610.76
0.640.480.490.811.08
1.53 0.35 0.38 0.33 0.36 0.11
0.51 0.710.63 0.702.16 0.41 0.63
Red–green gratings
0.27Yellow–black gratings 0.21 0.51 0.39 0.17 0.20 0.45 0.49
0.38 0.29 0.57 0.24 0.15 0.16 0.40 0.39
0.54 0.23 0.11 0.42 0.26 0.24 0.09 0.03
0.730.560.660.780.610.76 0.770.75
1.08 0.22 0.57 0.42 0.24 0.18 0.32 0.45
0.161.53 0.22 0.34 0.12 0.00 0.350.20
0.530.310.680.512.16 0.380.420.36
a Bold text: high correlations (r [1,10]\0.50, PB0.10). Italicized text: in the top panel, correlations with 2.16 c:deg are slightly lower than
intercorrelations among the other six red–green stimuli. Underlined text: in middle panel, the correlation between 1.53 and 2.16 c:deg is high, but
no other variables correlate highly with 1.53 c:deg.
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Table 3
Factor loadings obtained for 14 spatial frequency variables (com-
puted from Table 2)a
Factor 1Stimulus Factor 2c:deg Factor 3
Analysis of data for red–green gratings only
0.27 0.94 0.14Red–green
gratings
0.89 0.200.38
0.54 0.93 0.21
0.92 0.300.76
1.08 0.93 0.20
0.91 0.201.53
0.79 0.542.16
Yellow–black gratings only
Yellow–black 0.27 0.90 0.21
gratings
0.65 0.390.38
0.54 0.67 0.16
0.59 0.330.76
0.91 0.051.08
1.53 0.00 0.94
0.44 0.752.16
Analysis of complete data set
Red–green 0.27 0.88 0.23 0.12
gratings
0.67 0.17 0.120.38
0.87 0.090.54 0.27
0.76 0.93 0.17 0.13
1.08 0.92 0.23 0.03
0.76 0.011.53 0.05
0.61 0.09 0.152.16
0.27Yellow–black 0.00 0.80 0.01
gratings
0.04 0.550.38 0.26
0.46 0.780.54 0.10
0.55 0.300.76 0.07
1.08 0.11 0.79 0.24
1.53 0.10 0.07 0.88
0.15 0.242.16 0.59
a Bold text: high loadings (loading\0.5).
The loadings drop only slightly at the highest spatial
frequency tested. This one factor accounts for nearly all
(82%) of the variability in the data subset. A second
(nearly-significant) factor accounts for a small amount
of variability (8%), explaining some variability at the
highest spatial frequency tested; it is reported here
because of its clear link to the highest spatial frequency
tested.
The analysis of the yellow–black data subset (Table
3, middle panel) reveals that two factors load heavily
onto data for the yellow–black gratings. These two
factors from this analysis account for 59 and 15% of
the variability in the yellow–black data subset, respec-
tively. Each of the two factors shows clear spatial
frequency tuning — their factor loadings vary system-
atically with spatial frequency. A single factor (Factor
1) accounts for nearly all of the variability at and below
1.08 c:deg, and a second factor (Factor 2) accounts for
nearly all of the variability at the two higher spatial
frequencies.
The analysis of the entire data set (Table 3, lower
panel) yields three significant factors that are consistent
with the analyses of the two data subsets, and also
shows that the principal components (or covariance
channels) derived from the data from red–green grat-
ings are generally independent of the principal compo-
nents derived from yellow–black gratings. Factor 1
loads heavily onto data for the red–green gratings at all
spatial frequencies, but (with the exception of the lumi-
nance-modulated grating at 0.76 c:deg) does not gener-
ally load heavily onto the data for the yellow–black
gratings. It accounts for 54% of the variability in the
entire data set. It resembles the primary factor from the
analysis of the red–green data subset. Factors 2 and 3
load heavily onto the data for the yellow–black grat-
ings, but do not load heavily onto the data for the
red–green gratings. These two factors account for 22
and 8% of the variability in the entire data set, respec-
tively. Factors 2 and 3 generally show spatial frequency
tuning — their factor loadings vary systematically with
spatial frequency. Moreover, a single yellow–black fac-
tor (Factor 2) accounts for most of the variability at
and below 1 c:deg.
Perhaps the most important result in Table 3 (lower
panel) is not that the factors (covariance channels) are
spatially tuned, but that the factors for red–green and
yellow–black gratings are independent. There is no
systematic cross-loading between factors computed for
chromatic and luminance-modulated stimuli.
3.2.4. Channel tuning estimates: group norms
Next, factor loadings were transformed into contrast
sensitivities to estimate channel tuning more precisely.
In generating estimates of this type, the general idea is
to combine the CSFs and the factor loadings in a
manner that makes it possible to derive each factor’s
The independent PCAs of the data for yellow–black
and red–green stimuli extracted two and one significant
factors, respectively. (A second factor for red–green
data was nearly significant, and is reported here, for
reasons discussed below). Three significant factors were
found in the complete data set.
Table 3 shows factor loadings as a function of spatial
frequency, for red–green and yellow–black gratings.
Each factor loading represents the correlation between
an input variable (i.e. data for one of the 14 grating
types) and a factor (i.e. one of the three factors ob-
tained from PCA).
The analysis of the red–green portion of the data set
(Table 3, upper panel) reveals only one significant
factor (with a second just below statistical significance).
Factor 1 from this analysis loads heavily onto (i.e.
correlates with) all the data for the red–green gratings.
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contrast sensitivity function. We bring three things to
this portion of the analysis: (1) the mean CSFs for
red–green and yellow–black gratings (Fig. 1), deter-
mined by computing means from the empirical data; (2)
the factor loadings for the two red–green factors (Table
3, upper panel) and the two yellow–black factors
(Table 3, middle panel); and (3) an assumption, a
combination rule, about how spatial channels combine
to determine contrast sensitivity. From these three
things, we attempt to determine tuning functions, which
are essentially basis functions for the channels. The
rationale for this general approach was first discussed
by Sekuler et al. (1984).
The tuning of covariance channels was estimated by
fitting the statistical factor loadings (Table 3) to the
mean log contrast sensitivities (Fig. 1). To do so, we
used Eq. (1) from Peterzell et al. (1993):
log contrast sensitivity of channelin

mean log contrast sensitivityn
abs(1:factor loadingin)1:Q
(1)
The equation determines the covariance channel’s con-
trast sensitivity for factor i at spatial frequency n. Q is
the exponent of a probability summation equation
(Quick, 1974) and was set to 4, following earlier work
(Sekuler et al., 1984; Peterzell et al., 1993). Further
details regarding this method may be found in Peterzell
et al. (1993, 1995) and Peterzell and Teller (1996).
For each of the two factors at each spatial frequency,
Eq. (1) generates factor-channel sensitivity values that
can range from near-zero (for factor loadings near zero)
to the mean log contrast sensitivity (for factor loadings
equal to 1). For example, if one returns to the means
for yellow–black gratings (Fig. 1), one knows that the
mean log contrast sensitivity values at 0.76, 1.08, 1.53
and 2.16 c:deg are 2.33, 2.28, 2.30 and 2.04, respec-
tively. If one applies Eq. (1) to these log sensitivities
and to the factor loadings (see text above; middle panel
of Table 3) for yellow–black data, one determines that
the first covariance channel’s log sensitivities at 0.76,
1.08, 1.53 and 2.16 c:deg are 1.99, 1.95, 1.77 and 1.46,
respectively. The second yellow–black covariance chan-
nel’s log sensitivities are 1.50, 1.33, 1.22, and 1.32,
respectively.
Fig. 2 shows the estimated tuning functions for the
two factor-channels computed for the red–green grat-
ings (using loadings from the upper panel of Table 3).
Of primary importance is the fact that two spatial-fre-
quency-tuned covariance channels were obtained for
red–green stimuli, but with only one channel primarily
responsible for detecting all frequencies tested. This first
covariance channel is a factor of three more sensitive
than the second (nearly significant) covariance channel
throughout most of the spatial frequency range tested
but the sensitivity of the second covariance channel
Fig. 2. Estimates of the contrast sensitivity of spatial frequency tuned
covariance channels plotted as a function of spatial frequency. Esti-
mates are for red–green stimuli from the present study. The points
denoted by the symbols are derived from Eq. (1), using the mean CSF
for red–green gratings (Fig. 1) and factor loadings (Table 3, upper
panel) computed from the empirical data.
increases to nearly equal sensitivity at the highest spa-
tial frequency tested.
Fig. 3A shows the estimated tuning functions for the
two factor-channels computed for the yellow–black
gratings (using loadings from the middle panel of Table
3). (Note: in one case the linear sensitivity value for a
point was lower than 1, in this case we set the log value
to 0.) Of primary importance is the fact that two
Fig. 3. Estimates of the contrast sensitivity of spatial frequency tuned
covariance channels plotted as a function of spatial frequency. Esti-
mates are for yellow–black stimuli from the present study (A), and
for white–black stimuli from our earlier study (B) (Peterzell & Teller,
1996). The points denoted by the symbols are derived from Eq. (1),
using (in A) the mean CSF for yellow–black gratings (Fig. 1) and
factor loadings (Table 3, middle panel) computed from the empirical
data. Smooth curves represent spatial frequency channels A and B of
Wilson and Gelb (1984).
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spatial-frequency-tuned covariance channels were ob-
tained for yellow–black stimuli. The channels operate
above and below approximately 1 c:deg, respectively.
For comparison, Fig. 3B shows results from our earlier
study in which vertical white–black gratings were used
(Peterzell & Teller, 1996). There is generally good
agreement between the two analyses (Fig. 3A versus
Fig. 3B).
Solid lines in Fig. 3 show the tuning functions of
channels A and B from the computational model of
Wilson and Gelb (1984), adjusted in sensitivity for the
best fit to the mean CSF. (There is no comparable
computational model for chromatic channels; hence
Fig. 2 does not contain model predictions like those in
Fig. 3.) In Fig. 3A as well as Fig. 3B, there is generally
good agreement between the two factor-channels from
the empirical data and the model predictions of Wilson
and Gelb (1984). In each analysis, however, two points
were not well predicted by the computational model:
the log sensitivities at 1.08 c:deg (Factor 2) and 1.53
c:deg (Factor 1). The reasons for the consistent dis-
crepancies for these two points are unknown, and
difficult to explain given the otherwise excellent corre-
spondence between model and data.
In summary, factor analyses (Table 3) reveal that the
covariance channels that detect red–green and
yellow–black sinewave gratings are largely indepen-
dent. Furthermore, comparison of Figs. 2 and 3
reveals that the covariance channels underlying yellow–
black and red–green CSFs probably have dissimilar
tuning. The spatial covariance channels underlying con-
trast sensitivity for red–green gratings are separate
from and tuned differently than the covariance chan-
nels underlying contrast sensitivity for yellow–black
gratings.
4. Discussion
This experiment investigates the number and
nature of spatial channels underlying the detection of
stationary red–green and yellow–black gratings,
and examines whether color and luminance are served
by the same spatial channels. Following previous
analyses of individual variability in CSFs, correlational
and factor analyses were executed to determine the
number and spatial frequency tuning of the spatial
frequency tuned covariance channels underlying con-
trast sensitivity. This experiment is unique in that it
extends these analyses to chromatic (red–green) stimuli
presented at or near isoluminance. Our key finding is
that the most significant spatial covariance channel
underlying sensitivity to red–green gratings is statisti-
cally independent of and tuned differently than the
covariance channels underlying sensitivity to yellow–
black gratings.
4.1. Tuning and number of red–green channels
For red–green gratings below 2 c:deg, we found
uniformly high correlational structure in the set of 12
individual CSFs (Table 2, upper panel). Moreover, the
CSFs contained just one statistical factor at frequencies
below 2 c:deg, and one weak additional factor at 2.16
c:deg (weak in the sense that it is suggestive of a second
covariance channel, but not statistically significant).
The results are surprising in that we originally expected
multiple spatial channels for color to emerge well below
1 c:deg (cf. Losada & Mullen, 1994 [Fig. 5]; Mullen &
Losada, 1994).
How does one reconcile the results of the present
experiment with prior evidence for multiple chromatic
spatial channels below 2 c:deg (e.g. Losada & Mullen,
1994 [Fig. 5]; Mullen & Losada, 1994, 1999)? The
earlier studies found that even as low as 0.25, 0.5 and 1
c:deg, all masking functions for red–green gratings
showed bandpass characteristics; their tuning functions
showed little or no marked asymmetry, with maximum
masking occurring at the test spatial frequency. Such
evidence is usually taken as evidence for multiple chan-
nels. Several explanations are possible.
One possible explanation for the discrepancy is that
the chromatic channels tuned to very low spatial fre-
quencies (which were revealed in the previous masking
studies) did not contribute to detection (or individual
differences in detection) of chromatic gratings in the
present study. For this explanation to be correct, a
single broadly-tuned chromatic channel would need to
be more sensitive to red–green gratings than are the
narrowly-tuned channels that are known to be tuned to
low frequencies.
For example, one might speculate that the large
red–green gratings used in the present study, despite
their size, were primarily detected foveally, and further
that low frequency channels do not exist in the fovea.
The first speculation is likely to be correct because there
is a sharp loss in contrast sensitivity with eccentricity
that is even greater than the loss for luminance stimuli
(Mullen, 1991; Mullen & Kingdom, 1996; Mullen &
Losada, 1999). Further, the second speculation has
been made by Tyler et al. (1993). Tyler et al. observed
that while numerous investigators have found evidence
for luminance-modulated spatial channels tuned to low
spatial frequencies, they all adopted the strategy of
using large test fields (greater than 2°) in order to do so;
smaller test fields yield evidence for one channel, not
multiple channels, tuned to low spatial frequencies (see
also Barghout-Stein et al., 1998). Because the aforemen-
tioned chromatic masking studies used test fields
greater than 2° (Losada & Mullen, 1994; Mullen &
Losada, 1994, 1999), the observation of Tyler et al. may
well extend to chromatic channels. Thus, if chromatic
detection in our experiments was determined by the
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foveal region (despite the large size of our stimuli), then
this foveal detection might explain the absence of multi-
ple covariance channels below 2 c:deg. This explana-
tion, while important to consider, seems unlikely
because low-frequency chromatic channels, whether
centered on the fovea or not, clearly play a role in
foveal detection of chromatic gratings (Losada & Mul-
len, 1994; Mullen & Losada, 1994, 1999). We conclude,
despite our results, that multiple narrow-band, low-fre-
quency channels were probably responsible for detect-
ing the red–green gratings in our experiment.
A second more likely explanation of the discrepancy
between masking and covariance channels is that the
covariance channel that detects spatial frequencies be-
low 2 c:deg in the present study may represent a
combination of several of the spatial channels revealed
by masking. The covariance analysis approach to un-
derstanding channels is based squarely on the premise
that individual variability within one covariance chan-
nel is independent of variability in other channels. We
and others typically find that spatial covariance chan-
nels are similar to spatial channels derived using mask-
ing, adaptation, and summation paradigms (see
Introduction, Sekuler et al., 1984; Peterzell & Teller,
1996; Peterzell & Kelly, 1997). However, the red–green
chromatic channels below 2 c:deg could covary. These
low-frequency channels might all be manufactured
from common inputs, e.g. from common geniculate
afferents forming the inputs to different classes of corti-
cal cells. Thus, the single covariance channel for red–
green gratings may in fact represent a group of spatial
channels that share the same neural input (and have not
encountered further processing that decorrelates their
signals). This neural input to low-frequency channels
would be separate from input to processes mediating
higher spatial frequencies. As such, the one covariance-
channel could represent a group of intercorrelated
coarse spatial channels that reveal their individual iden-
tities in masking studies.
The second, weak covariance channel for red–green
gratings contributes to detection at 2.16 c:deg, but is
difficult to identify more precisely with the present data.
It could represent a second channel subserving color,
which operates above 2 c:deg. Had we been able to
measure higher spatial frequencies, this channel might
have shown its own spatial frequency tuning, giving
way to additional channels tuned to yet higher spatial
frequencies. However, definitive investigation of spatial
frequencies above about 2 c:deg is difficult because
chromatic aberration is a significant confound
(Flitcroft, 1989; Logothetis et al., 1990; Cavanagh &
Anstis, 1991). Or, the second channel may simply
reflect noise in our analysis, since it did not reach
statistical significance. Further analysis of this putative
channel is not possible without correcting for chromatic
aberration.
4.2. Tuning and number of yellow–black channels
The portion of the experiment based on yellow–
black gratings constitutes a re-investigation of the num-
ber of spatial covariance channels that operate below 1
c:deg for luminance-modulated, stationary stimuli. Ear-
lier studies indicate that for stationary photopic grat-
ings, the peak of the coarsest spatial channel occurs
near 1 c:deg in adults (Tolhurst, 1973; Greenlee, Mag-
nussen & Nordby, 1988; Peterzell & Teller, 1996; Pe-
terzell, Schefrin, Tragear & Werner, in press). Panels A
(present study) and B (results of Peterzell & Teller,
1996) of Fig. 3 show how closely the results for lumi-
nance-modulated gratings replicate our previous work.
In both studies, the CSFs for luminance-modulated
stimuli contained one dominant statistical factor at
frequencies below 1 c:deg, and at least one additional
factor above 1 c:deg. The results are consistent with
masking and adaptation studies that indicate that at
photopic levels the lowest frequency showing on-peak
threshold elevation is near 1 c:deg in adults (Tolhurst,
1973; Greenlee et al., 1988). Moreover, the results are
fairly consistent with the multiple channel models of
Wilson and Gelb (1984), and Barghout-Stein and Tyler
(1994). There are certainly discrepancies between model
and predictions at 1.08 and 1.53 c:deg, and we have
discussed possible reasons for these discrepancies previ-
ously (Peterzell & Teller, 1996). In general, our data
and analysis thus provide independent yet converging
support for the hypothesis that for stationary lumi-
nance-modulated gratings at photopic levels, the coars-
est spatial channel occurs near 1 c:deg. Further
discussion concerning the interpretation of these results
may be found in Peterzell and Teller (1996).
4.3. Independence of channels ser6ing color and
luminance
In the present experiment, we examined whether
covariance channels for chromatic and luminance-mod-
ulated stimuli were statistically independent, partially
interdependent (with either similar or dissimilar tun-
ing), or fully interdependent.
We found that covariance channels for chromatic
and luminance-modulated stimuli were statistically in-
dependent over the spatial frequency range tested
(Table 3, lower panel). In general, factors that loaded
onto red–green data were separate from those that
loaded onto yellow–black data. Hence, if our covari-
ance approach to visual channels is correct, then over
the spatial frequency range tested the channels that
detect red–green gratings do not play a significant role
in detecting yellow–black gratings, and vice versa.
Our results are not consistent with the rare study that
finds evidence to suggest that channels for chromatic
and luminance stimuli are strongly interdependent (e.g.
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Gur & Akri, 1992). Moreover, our results make it
impossible to link our psychophysical covariance chan-
nels to cortical cells that respond to both color and
luminance in the same low spatial frequency range.
The hypothesis of dependence with dissimilar tuning
remains viable. For instance, it is possible that the
covariance channel that detects red–green chromatic
stimuli at low spatial frequencies also detects lumi-
nance-modulated stimuli above 2 c:deg. This hypothesis
deserves further testing, given the finding that some
cortical cells respond to both red–green and luminance-
modulated gratings, but are tuned to lower spatial
frequencies for color than for luminance (Thorell et al.,
1984).
However, in the absence of evidence for any type of
interdependence in the present study, the finding of
separate spatial channels for color and luminance is
consistent with the majority of previous studies which
seem to show that spatial channels for color and lumi-
nance are mediated by separate, independent physiolog-
ical mechanisms (Switkes et al., 1988; Gegenfurtner &
Kiper, 1992; Palmer, Mobley & Teller, 1993; Mullen &
Losada, 1994; Losada & Mullen, 1995; Giuliani et al.,
1996; Mullen et al., 1997; Stromeyer et al., 1999).
Although we have used the term ‘luminance-modu-
lated’ to refer to the yellow–black grating and the
channels that detect it, the chromatic (yellow) compo-
nent of this grating deserves mention. One might won-
der whether a yellow–black grating is detected by
chromatic mechanisms that respond to yellow–blue
variation, or mechanisms that respond to luminance
contrast, or both types of mechanisms. In a three-di-
mensional cone contrast space (as adopted here), the
yellow black grating (LMS) lies orthogonal to the
blue–yellow mechanism (S0.5(LM)) and so can-
not stimulate the blue–yellow mechanism. Thus, ac-
cording to theory, one cannot claim that our
yellow–black grating was detected by the blue–yellow
mechanism. With this caveat regarding orthogonality,
an intriguing possibility based on separate, independent
mechanisms deserves mention.
Poirson and Wandell (1996) have recently measured
contrast sensitivity for a variety of spatial frequencies
and color directions. They derived three pattern-color
separable mechanisms that were sufficient to model
their data. Two of the mechanisms (red–green and
blue–yellow) were spatially lowpass and spectrally op-
ponent. The third mechanism (white–black) was spa-
tially bandpass and spectrally broadband. Poirson and
Wandell note that multiple spatially-tuned channels
could underlie each of these three mechanisms, consis-
tent with the conventional models of multiple spatial
channels discussed throughout this paper (e.g. Wilson
& Gelb, 1984; De Valois & De Valois, 1988; Graham,
1989; Wilson, Levi, Maffei, Rovamo & De Valois,
1990). However, they are agnostic with respect to these
conventional channel models and emphasize that their
three mechanisms reflect, in essence, three different
spatial frequency channels by virtue of their three dif-
ferent spatial tuning functions.
The three mechanisms of Poirson and Wandell (1996)
might provide identities for the three significant covari-
ance channels obtained from our combined analysis.
Perhaps their red–green mechanism is reflected in the
single covariance channel underlying contrast sensitivity
for our red–green gratings. Assuming that our yellow–
black gratings generated signals in both the white–
black and yellow–blue mechanism of Poirson and
Wandell, their white–black and blue–yellow mecha-
nisms could correspond to the other two covariance
channels that we found for yellow–black gratings. The
covariance channel that detects yellow–black gratings
below 1 c:deg (compared to Wilson’s A in Fig. 3A)
could correspond to the yellow–blue mechanism of
Poirson and Wandell, whereas the covariance channel
above 1 c:deg (compared to Wilson’s B in Fig. 3A)
could reflect their white–black mechanism. Hence, the
three–channel pattern-color separable model may offer
a plausible explanation of our results. Covariance data
across a more comprehensive set of color directions
would be required to test the model fully.
In sum, the present results show that for red–green
stimuli there is only a single covariance channel for
spatial frequencies below approximately 2 c:deg, and
that red–green and luminance-modulated stimuli below
2 c:deg are served by separate, independent covariance
channels.
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